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Integrated  circuit  technology  has  been  used  to  develop  a  miniature 
dielectric  cure  monitor  probe  that  combines  small  size  with  built  in  ampli¬ 
fication  to  achieve  good  sensitivity  down  to  1  Hz,  making  the  probe  more 
sensitive  to  physical  property  changes  than  conventional  dielectrometers 
operating  at  1000  Hz.  This  paper  describes  the  design  and  operation  of  the 
microdi electrometer  chip,  and  the  model  used  to  determine  the  complex  di¬ 
electric  constant  of  the  material  under  study.  Two  typical  applications  are 
illustrated  by  experiments.  First,  results  of  a  postcure  study  of  a  Versamide 
140,  Epon  828  mixture  are  presented  and  compared  to  the  results  of  a  similar 
study  using  a  conventional  parallel  plate  capacitor.  In  a  second  experiment, 
several  probes  were  placed  in  a  100  ml  mold  and  used  to  monitor  the  cure  of  a 
sample  of  the  same  resin  system.  The  data  show  the  nonuniformity  of  cure 
within  the  sample,  and  can  be  explained  on  the  basis  of  gelation  and  the 
temperature  dependence  of  the  dielectric  properties  as  determined  in  the 
post-cure  experiment. 
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1.  INTRODUCTION 


As  a  result  of  the  widespread  use  of  a  large  variety  of  reactive  ther¬ 
mosetting  resins,  a  need  exists  for  the  ability  to  study  the  chemical  and 
mechanical  thermoset  properties  both  as  a  function  of  cure  and  after  cure. 
Conventional  means  of  analysis  for  degree  of  conversion  include  reactive 
group  analysis,  FTIR,  and  DSC,  while  bulk  properties  can  be  monitored  through 
torsional  braid  analysis,  viscosity,  and  di electrometry.  All  of  these  methods 
can  be  cumbersome,  and  this  has  inspired  the  development  of  a  simple  cure 
monitoring  integrated  circuit. 

The  new  microdielectrometer  'chip'  measures  the  low  frequency  dielec¬ 
tric  properties  of  a  resin  both  during  and  after  cure,  as  in  conventional 
dielectric  techniques.  The  integrated  sensors  present  an  advantage  in  that 
they  are  small  and  can  be  placed  in  various  locations  of  a  large  test  sample, 
or  can  serve  as  implants  for  long-term  property  monitoring.  The  small  mass 
enables  quick  thermal  equilibration  for  isothermal  or  ramped  measurements  on 
small  resin  samples.  The  microdielectroraeter  chip  also  has  the  capability  of 
monitoring  much  lower  frequencies  than  conventional  dielectrometry  (down  to  1 
Hz  or  below,  as  opposed  to  100  Hz).  At  these  lower  frequencies  the  dielectric 
response  is  more  representative  of  the  mechanical  properties  and  therefore 
presents  a  viable  alternative  to  torsional  braid  analysis.  In  addition,  'on 
chip'  signal  amplification  eliminates  the  need  for  electrical  shielding  and 
Increases  sensitivity. 

In  this  paper  we  will  discuss  the  device  structure  and  explain  its 
operation.  Initial  results  will  be  presented  for  a  thermal  ramp  of  a  cured 
thermoset  and  compared  to  the  equivalent  results  from  a  conventional  parallel 
plate  arrangement.  Also  to  be  presented  are  the  data  from  a  large  sample 


during  cure  containing  multiple  chip  sensors  at  various  locations  within  the 
bulk.  These  results  will  be  explained  on  the  basis  of  gelation  and  post  cure 
properties  as  a  function  of  temperature. 

2.  DEVICE  DESIGN 

The  present  microdielectrometer  chip  evolved  from  the  charge-flow 
transistor  (CFT).^  A  charge-flow  transistor  consists  of  a  field  effect 
transistor  (FET)  with  a  gap  in  the  gate  over  the  critical  channel  region  of 
the  transistor  which  is  filled  by  the  material  to  be  studied.  The  turn  on 
characteristics  of  the  transistor  are  determined  by  the  flow  of  charges  from 
the  gate  electrode  through  the  material  of  interest  to  the  channel  region. 
The  step  waveform  response  of  the  CFT  has  been  shown  to  change  as  a  function 
of  thermoset  resin  cure  and  can  be  explained  through  suitable  modeling  of  the 
resin. {2) 

The  original  CFT  design  was  difficult  to  calibrate,  and  yielded  an 

output  that  required  nonlinear  large  signal  analysis  for  Interpretation.  For 

this  reason,  a  new  sensor  has  been  developed  which  can  be  analyzed  with 

linear  device  models,  and  which  permits  accurately  calibrated  measurements  to 

(3) 

be  made  using  differential  techniques.  In  this  design,  the  device  response 
Is  balanced  against  a  reference  FET  so  that  all  device  characteristics  are 
cancelled,  leaving  only  the  desired  response  of  the  material  under  study. 

The  new  chip  is  75  mils  square,  and  employs  a  large  area  interdigitated 
capacitor  as  the  sensing  element.  A  sinusoidal  voltage  applied  to  one  elec¬ 
trode,  the  "driven  electrode"  (see  Fig.  1),  transfers  charge  through  the 
material  under  study  to  the  opposite  electrode,  "the  sensing  electrode".  As 
with  standard  parallel  plate  capacitors,  the  current  due  to  this  charge 


transfer  could  be  measured  with  a  capacitance  bridge  or  dielectrometer  using 
shielded  cables  and  other  appropriate  measures  to  prevent  noise.  Noise  prob¬ 
lems  are  largely  eliminated  in  the  new  chip  by  attaching  the  low  side  of  the 
interdigltated  capacitor  (the  sensing  electrode)  directly  to  the  gate  of  a 
depletion-mode  FET  operating  in  its  linear  region.  The  presence  of  charge  on 
this  gate  produces  a  voltage  that  controls  the  current  flowing  between  the 
drain  and  source  terminals  of  the  transistor.  The  drain  to  source  current 
resulting  from  a  sinusoidal  driving  voltage  contains  the  same  information 
about  charge  transfer  through  the  material  as  the  conventional  capacitor 
current,  but  is  about  10^  times  larger.  This  on-chip  amplification  enables 
measurement  of  dielectric  properties  down  to  1  Hz,  a  frequency  at  which 
capacitor  currents  are  too  small  to  be  measured  in  a  conventional  manner. 

3.  MEASUREMENT  CIRCUIT 

The  function  of  the  measurement  circuit  (which  is  described  in  detail 
in  Reference  3)  is  to  measure  the  drain  to  source  current  of  the  sensing  FET, 
and  from  it,  to  infer  the  sensing  gate  voltage  which  is  directly  related  to 
the  charge  transfer  from  the  driven  gate  to  the  sensing  gate.  To  do  this,  a 
second  depletion  mode  FET,  identical  in  all  dimensions  to  the  sensing  FET,  is 
Included  on  the  chip  as  a  reference.  The  gate  of  the  reference  FET  is  driven 
by  an  off  chip  current  comparator  so  that  the  currents  in  both  FETs  are 
equal.  Since  the  device  geometries  are  identical,  the  voltage  applied  by  the 
current  comparator  to  the  reference  FET  is  necessarily  equal  to  the  voltage 
on  the  floating  gate  of  the  sensing  FET.  This  measurement  technique  provides 
an  output  voltage  equal  to  that  on  the  floating  gate  and  eliminates  any 
current  offset  due  to  temperature  variations,  enabling  the  chip  to  function 
at  temperatures  a;  to  250* C. 
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During  an  experiment,  the  driven  gate  voltage  and  the  reference  voltage 
are  simultaneously  sent  to  a  HP3575A  gain-phase  meter  which  determines  the 
ratio  of  their  amplitudes  and  relative  phase  shift.  The  digitized  information 
is  logged  in  real  time  by  a  HP85  desktop  computer.  The  HP85  also  controls  a 
HP3325A  function  generator,  which  sets  the  frequency  and  amplitude  of  the 
driven  gate  voltage.  This  system  allows  for  real  time  measurement  as  a  func¬ 
tion  of  frequency,  temperature,  and  cure.  The  system  is  also  capable  of 
taking  measurements  on  multiple  devices  through  automatic  switching,  enabling 
cure  data  to  be  obtained  from  various  regions  within  a  sample  simultaneously. 

4.  TRANSFER  FUNCTION  MODEL 

The  transfer  function  for  the  planar  interdigitated  capacitor  is  some¬ 
what  more  complicated  than  that  for  a  conventional  parallel  plate  geometry. 
The  dependence  of  the  amplitude  and  phase  of  the  sensing  gate  voltage  on  the 
complex  dielectric  constant  of  the  resin  (permittivity  e' ,  and  loss  factor 
e")  can  be  modeled  by  a  one-dimensional  distributed  RC  circuit,  as  illus¬ 
trated  in  Fig.  1 .  The  bracketed  elements  represent  a  differential  element  of 
the  distributed  system.  CA  is  proportional  to  e',  and  R^  is  proportional  to 
1/we"  ,  where  u  is  the  angular  frequency.  Thus,  tan 6  =  1/wRACA.  CT  repre¬ 
sents  the  capacitance  between  the  plane  of  the  electrode  and  the  ground  plane 
beneath  the  silicon  dioxide,  and  Cq  represents  the  total  gate  capacitance  of 
the  sensing  FET  and  sensing  electrode. 

The  exact  transfer  function  for  this  model  is  given  in  the  Appendix. 
The  calibration  of  the  device  depends  on  CT,  CG,  and  the  separation  betweeen 
electrodes,  all  of  which  can  be  controlled  by  device  design  and  processing 
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conditions.  With  this  information,  plus  a  single  semi-empirical  thickness 
parameter,  d,  there  is  a  unique  relation  of  e'  and  e"  to  the  magnitude  and 
phase  of  the  sensing  gate  voltage  relative  to  the  driven  gate  voltage. 


5 .  EXPERIMENTAL 

Initial  experimentation  has  been  carried  out  on  an  equal  volume  mix  of 
Versamide  140,  a  linear  aliphatic  amide,  and  EPON  828  (DGEBA).  This  system 
was  chosen  because  of  its  reasonably  short  cure  time  in  100ml  batches  at  room 
temperature  and  the  realitively  low  glass-rubber  transition  in  the  post  cured 
material. 

Two  types  of  experiments  were  performed.  For  the  study  of  fully  cured 
material,  samples  were  prepared  by  placing  small  drops  of  the  resin  on  the 
chip  sensing  area  and  then  curing  at  180° C  for  10  minutes.  A  parallel  plate 
capacitor  was  also  filled  with  the  resin  and  cured  under  the  same  conditions. 
After  cure,  dielectric  measurements  were  monitored  at  three  frequencies  (10, 
100,  and  1000  Hz)  during  a  temperature  ramp  from  60“ C  at  4  deg/min. 

In  a  second  experiment  to  demonstrate  the  cure  monitoring  ability, 
several  chips  were  placed  at  various  levels  within  an  empty  mold  (5.5  x  5.5 
cm).  An  Integrated  temperature  sensor  (Analog  Devices  AD590)  was  included 
alongside  each  sensing  chip  for  accurate  temperature  tracking  during  the 
cure.  After  the  epoxy  was  mixed  and  poured  into  the  mold,  automatic  measure¬ 
ments  were  initiated.  The  dielectric  response  and  temperature  were  monitored 
during  cure  as  a  function  of  three  frequencies  (10,  100,  and  1000  Hz). 
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6.0  RESULTS 


6.1  Fully  Cured  Material 

The  dielectric  behavior  of  the  cured  material  as  measured  in  the  par¬ 
allel  plate  capacitor  is  indicated  in  Fig.  2.  The  e'  data  exhibit  a  frequency 

dependent  transition  which  we  attribute  to  dipole  relaxation  associated  with 

(41 

the  glass-rubber  transition.  '  The  e"  behavior  exhibits  a  steeply  rising 
term  on  which  are  superimposed  small  peaks  that  one  expects  from  the  dipole 

relaxation.  This  suggests  the  existence  of  an  activated  ohmic  conductivity  of 

(A) 

the  following  form: 

o(T)  *  a  exp(-E _/kT)  (1) 

o  u 

where  a(T)  is  the  conductivity  and  Ec  is  the  activation  energy.  The  conduc¬ 
tivity  observed  in  the  parallel  plate  data,  which  is  most  likely  due  to  ionic 
conduction,  is  found  to  have  an  activation  energy  of  6.5  kcal/mole. 

The  relative  amplitude  (gain  in  decibels)  and  phase  response  of  the 
microdielectrometer  for  fully  cured  material  as  a  function  of  temperature  is 
shown  in  Fig.  3.  Using  the  relations  in  the  Appendix,  e'  and  e"  values  were 
obtained  from  these  data,  and  are  shown  in  Fig.  4.  The  e'  values  show  excel¬ 
lent  agreement  with  the  parallel  plate  data,  but  there  is  a  significant 
difference  in  the  e"  values.  The  conductance  peaks  correspond  closely  to 
those  expected  from  normal  dipole  relaxation,  but  the  strong  ionic  conduc¬ 
tance  observed  in  the  parallel  plate  experiment  appears  to  be  missing.  As  a 
test,  a  conduction  term  of  the  form  of  Eq.  1  was  added  to  the  microdielec¬ 
trometer  data,  resulting  in  the  graphs  of  Fig.  5,  which  correspond  quite 
closely  with  the  parallel  plate  results  of  Fig.  3.  Thus  it  appears  that  the 
planar  electrode  technique  is  sensitive  only  to  dielectric  loss  contributions 
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Fig.  2  Dielectric  spectra  of  fully  cured  epoxy  from  parallel  plate 
capacitor  measurement. 
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from  dipole  relaxation  and  is  immune  to  ohmic  conductivity,  at  least  for  this 
material  and  under  these  conditions.  This  behavior  is  presently  not  under¬ 
stood,  but  may  be  of  great  benefit  in  observing  relaxation  phenomena  that  are 
normally  obscured  by  high  ohmic  conductivities. 

6.2  Multiple  Chip  Cure  Monitoring 

During  the  cure  of  the  large  epoxy  sample  containing  multiple  sensors, 
the  exothermic  reaction  caused  the  temperature  to  rise  from  20° C  to  130°C 
just  after  gelation  and  then  finally  settle  back  down  to  20° C.  As  a  result 
of  the  positioning  of  the  sensors  in  the  mold,  different  temperature  profiles 
and  dielectric  responses  were  observed. 

Raw  data  from  the  devices  at  the  bottom  and  center  of  the  mold  are 
shown  in  Fig.  6.  The  temperature  profiles  indicate  a  slightly  faster  rise  in 
temperature  in  the  center  of  the  mold  than  at  the  bottom,  as  expected. 

The  sharp  discontinuity  in  the  gain  and  phase  data  near  100  minutes  is 
attributed  to  the  gel  point,  for  two  reasons.  First,  the  slope  of  the  tem¬ 
perature  profile  starts  decreasing  at  this  point,  and  within  a  few  minutes, 
the  actual  temperature  starts  to  decrease,  indicating  a  sharp  reduction  in 
reaction  rate.  Crosslinking  reactions  are  known  to  be  inhibited  after  gela¬ 
tion  as  a  result  of  the  formation  of  an  infinite  network  which  greatly  im¬ 
pedes  the  diffusion  of  reactants  to  reaction  sites.  Second,  the  behavior  of 
the  gain  and  phase  after  the  occurance  of  the  sharp  discontinuity  are  nearly 
identical  to  that  of  the  fully  cured  material  shown  in  Fig.  2.  Using  the 
phase  versus  temperature  data  of  the  fully  cured  material,  the  phase  has  been 
replotted  as  a  function  of  the  temperature  profile  from  Fig.  6.  In  the  re¬ 
sulting  curves  (Fig.  7),  the  phase  matches  very  closely  to  that  observed  in 
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the  mold  cure  at  times  beyond  the  gelation  point.  This  similarity  in  behavior 
indicates  that  the  peaks  that  occur  after  gelation  are  a  result  of  the  tem¬ 
perature  passing  above  and  then  back  down  through  the  relaxation  temperature 
of  the  cured  material. 

As  a  result  of  the  sharp  discontinuity  in  gain  and  phase  at  gelation, 
differences  in  gel  point  times  for  the  various  sensor  locations  are  easily 
determined.  In  this  particular  sample  the  middle  of  the  resin  gelled  five 
minutes  before  the  bottom,  which  was  only  two  centimeters  away.  This  result 
stresses  the  difference  in  reaction  rates  which  can  occur  from  variation  in 
mold  geometry  and  temperature. 

7 .  DISCUSSION 

The  microdielectrometer  chip  has  been  shown  to  yield  results  in  general 
agreement  with  the  results  of  conventional  parallel  plate  dielectrometry. 
Advantages  of  the  chip  lie  in  its  small  size,  making  implantation  and  meas¬ 
urements  on  small  samples  possible.  On-chip  amplification  also  eliminates  the 
need  for  eleotrical  shielding.  In  addition,  the  chip  has  frequency  monitoring 
ability  down  to  1  Hz.  Low  frequency  monitoring  is  useful  for  observing  long 
relaxation  times  which  occur  far  into  cure  and  which  are  generally  difficult 
to  measure. 

Further  improvements  in  the  chip  are  planned,  including  the  addition  of 
the  current  comparator  and  temperature  sensor  to  the  integrated  device 
structure. 
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APPENDIX:  TRANSFER  FUNCTION  MODEL 

For  a  voltage  V  e^wC  applied  to  the 
o 

driven  gate  of  the  model  of  Figure 
2,  the  complex  voltage  at  the  sens¬ 
ing  electrode  is  of  the  form 
V 


- 


FG  A  +  jB 
The  magnitude  of  the  sensing  elec¬ 
trode  voltage  will  be 
V 


7J77 

The  phase  shift  relative  to  the 
driving  voltage  will  be 


FG 


-tan 


•1/IJ\ 
l  A/ 


where  A  «  cosh(m'x  )  cos(m''x  ) 
o  o 

+  asinh(m’x  )  cos(m"x  ) 
o  o 

-  bcosh(m'x  )  sin(m"x  ) 
o  o 


B  *  sinh(m'x  )  cos(m"x  ) 
o  o 

+  bsinh(m'x  )  cos(m"x  ) 
o  o 

+  acosh(m'x  )  sin(m"x  ) 
o  o 


Expressed  in  terms  of  permittivity, 
c'  and  loss  factor,  e",  and  a  thick¬ 
ness  parameter,  d. 


Ra  -  l/we"d 
A 


CA  -  e’d 


The  constants  used  in  evaluating 
these  expressions  were: 

C„  *  capacitance  parameters  of 

VI 

sensing  electrode  -  7.3  x 
l(f15  F 


Cqx  «  capacitance  of  insulating 

oxide  per  unit  area  ■  6.4  x 

-9  2 

10  F/cm 


x  -  distance  between  driven  and 
o 

sensing  electrodes  ■  12.5 
microns 

d  -  thickness  parameter  ■  12.5 
microns 


and 


wR.C_(m"  +  wm'R.C  ) 
A  fa _ A  A 

(l+v>2R2C2)  (m,2W2) 


wR.C- (m*  -  wm"R.C.) 

b  ’ 

,  Kci  +  “r*ca> 

”  “i  2  /i  .  .2-2-2. 


„  .  Kcr  -  “W 

V  2  (!+w2rJc2) 
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